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Amicro-assaywasdeveloped andvalidated, using amicroplate reader in96-well format, C11–BODIPY
581/591
as ﬂuorescent probe andAIBN as ROO generator. The structure–activity relationshipwas established for 15
carotenoid standards, indicating that the opening of the b-ionone ring and the increase of chromophore
extension in the carotenoid structure were the major factors leading to the increase of ROO scavenging
capacity. The values for ROO scavenging capacity were calculated using a-tocopherol as reference com-
pound. Among the studied carotenoids, all-trans-lycopene was the most efﬁcient ROO scavenger
(8.67 ± 0.74) followed by all-trans-astaxanthin (6.50 ± 0.62). All the carotenoids showed to be more
effective ROO scavengers than a-tocopherol and some hydrophilic compounds. Finally, the method was
successfully applied to assay the ROO scavenging capacity of carotenoid extracts from two Amazonian
fruits, peach palm (7.83 ± 0.21) and mamey (6.90 ± 0.44).
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction known that the antioxidant properties of the carotenoids are clo-Epidemiological evidence has associated the fruit intakewith the
decreaseof the incidenceofcardiovasculardiseasesandcertain types
of cancer (Karppi, Kurl, Laukkanen, Rissanen, & Kauhanen, 2011;
Voutilainen, Nurmi, Mursu, & Rissanen, 2006; Zhang et al., 2007).
This effect is hypothetically attributed to the antioxidant properties
of the carotenoids and other bioactive compounds, which minimise
the in vivo oxidative damages induced by reactive oxygen and nitro-
genspecies (Rock, 2009).Moreover, in foodmatrices, carotenoidscan
also minimise or delay lipid oxidation, consequently, increasing the
shelf-life of food products (Choe & Min, 2006).
The carotenoids are yellow to red liposoluble pigments found in
plants, animals andmicroorganisms (Britton, 1995). The basic struc-
ture of such compounds consists in a tetraterpene with a series of
conjugated double bonds (c.d.b.), which generates a resonance sys-
tem of p electrons moving along the entire polyene chain. Due to
these structural characteristics, these compounds are very reactive
and absorb light in the visible region of the spectrum (390–
750 nm) (Mercadante, 2008). Basically, there are two types of
carotenoids (Fig. 1): carotenes, which contain only carbon and
hydrogen atoms, and xanthophylls, which also contain one or more
oxygen atoms (Mercadante, 2008).
Although the carotenoids have been studied for many years,
there are still some unanswered questions concerning their
antioxidant properties that need to be elucidated. Currently, it is: +55 19 35212153.
ante).
sevier OA license.sely related to their chemical structure, including aspects such as
the number of c.d.b., type of structural end-groups, and oxygen-
containing substituents (El-Agamey et al., 2004). These relations
are well-established when the capacity to quench singlet oxygen
and to scavenge the non-physiological radical 2,20-azinobis-(3-eth-
ylbenzothiazoline-6-sulfonic acid) (ABTS+) are considered (Di
Mascio, Kaiser, & Sies, 1989; Miller, Sampson, Candeias, Bramley,
& Rice-Evans, 1996; Re et al., 1999). However, literature data
regarding the capacity of carotenoids to scavenge peroxyl radicals
(ROO) are not consistent, once conﬂicting results are presented.
For example, comparing the ROO scavenging capacity of all-
trans-b-carotene and all-trans-lutein assayed by three different
methods (Müller, Fröhlich, & Böhm, 2011; Naguib, 1998; Zulueta,
Esteve, & Frígola, 2009), the results showed that all-trans-b-caro-
tene was 114% (Zulueta et al., 2009) or 33% (Naguib, 1998) more
efﬁcient as ROO scavenger than all-trans-lutein or that both
carotenoids presented the same capacity (Müller et al., 2011).
These conﬂicting results are probably generated by the use of dif-
ferent reaction means, i.e. aqueous buffers (Müller et al., 2011;
Zulueta et al., 2009), which are not appropriated for carotenoid
analysis, or organic solvents (Naguib, 1998). Moreover, different
probes, such as ﬂuorescein (hydrophilic) (Müller et al., 2011;
Zulueta et al., 2009) and C11–BODIPY581/591 (Naguib, 1998) (lipo-
philic), and different radical generators, such as 2,20-azobis-2,4-di-
methyl valeronitrile (AMVN) (lipophilic) (Naguib, 1998; Woodall,
Lee, Weesie, Jackson, & Britton, 1997) and 2,20-azobis(2-methyl-
propionamidine) dihydrochloride (AAPH) (Müller et al., 2011;
Zulueta et al., 2009) (hydrophilic) were used. In fact, organic
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Fig. 1. Structure of the carotenoids and other analysed compounds.
2104 E. Rodrigues et al. / Food Chemistry 135 (2012) 2103–2111solvents, such as hexane, hexane/isopropanol/tetrahydrofuran
(6:5:2, v/v/v) and chlorobenzene, were successfully used to studythe oxidative degradation of carotenoids induced by ROO (Woo-
dall et al., 1997).
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carotenoids to scavenge ROO using a homogeneous system
should: (1) be able to maintain all the reactants and the carote-
noids properly dissolved during analysis and do not allow caroten-
oid aggregation, (2) use a probe with behaviour similar to that of
lipids, (3) use a lipophilic radical generator, (4) properly assay
carotenoid extracts from food matrices and (5) minimise analysis
residue generation.
The semi-automated micro-assay proposed in the present work
was developed to simulate, in a quite simple manner, a biological
system containing an oxidable substrate (the probe – a fatty acid
analogue, C11–BODIPY581/591), a reactive species (ROO generated
by the thermodecomposition of AIBN) and the antioxidant. In this
system, in the absence of the antioxidant, the ROO reacts with the
probe generating non-ﬂuorescent products with excitation at
540 ± 20 nm and emission at 600 ± 20 nm (Drummen, Van Lieber-
gen, OpDenKamp,& Post, 2002), and a fast decay in theﬂuorescence
signal is observed.When an antioxidant capable to scavenge ROO is
added to the reaction system, the rate of ﬂuorescence decay slows
down due to the inhibition of the probe oxidation by ROO. In addi-
tion, the relation between the structure of carotenoid standards and
their potential as ROO scavengers was also discussed. Furthermore,
the method was successfully applied to carotenoid extracts from
Amazonian fruits.2. Material and methods
2.1. Standards and reagents
Standards of all-trans-b-carotene (99.9%), all-trans-astaxanthin
(97.4%), a-tocopherol (97.6%), ascorbic acid (99.0%), rutin (98.1%),
quercetin (98.5%) and trolox (99.5%) were purchased from Sigma–
Aldrich (Missouri, USA). Gallic acid (98.0%) was purchased from
Extrasynthèse (Genay, France). All-trans-b-cryptoxanthin (99.5%),
all-trans-lutein (98.8%), all-trans-zeaxanthin (97.4%), all-trans-b-
apo-8’-carotenal (96.1%), all-trans-b-apo-10’-carotenal (99.9%), all-
trans-b-apo-120-carotenal (90.8%), all-trans-b-zeacarotene (98.9%),
all-trans-lycopene (99.9%), all-trans-c-carotene (99.9%), 15-cis-b-
carotene (95.3%), 9-cis-b-carotene (99.9%) and all-trans-a-carotene
(99.7%) were kindly donated by DSM Nutritional Products (Basel,
Switzerland). All-trans-violaxanthin (95.0%) was acquired from
CaroteNature (Lupsingen, Switzerland). The bixin standard was iso-
lated in our laboratory (Rios & Mercadante, 2004) and re-crystal-
lised to achieve 98% purity. All these compounds were used as
received. The puritywas determined byHPLC-DAD-MS/MS (Supple-
mentary Tables S1 and S2). The ﬂuorescent probe 4,4-diﬂuoro-5-(4-
phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undeca-
noic acid (C11–BODIPY581/591, MW = 504.43 g/mol) was purchased
from Invitrogen (Oregon, USA). Dimethyl sulfoxide (DMSO) was ac-
quired from Sigma–Aldrich; methanol and ethanol from Synth (São
Paulo, Brazil) and methyl tert-butyl ether (MTBE) from J.T. Baker
(New Jersey, USA), azobisisobutyronitrile (AIBN) was donated by
Mig Quimica (São Paulo, SP, Brazil).2.2. Development of the method
The micro-assay was developed based upon the method previ-
ously used by Naguib (1998) for carotenoids. In this method, the
reaction mixtures in the 1-cm quartz cuvettes (ﬁnal volume of
3 ml) contained the C11–BODIPY581/591 (probe), AMVN (radical gen-
erator), both in octane/butyronitrile (9:1, v/v), and the carotenoids
in chloroform. In this newmethod, modiﬁcations were made in the
solvent (reaction medium) in order to adapt the method to be car-
ried out in a microplate reader in 96-well format using polystyrene
microplates and to assure that the carotenoids were completelydissolved, and also in the radical generator, since AMVN is not
commercially available in Latin America. Moreover, no differences
were veriﬁed in the carotenoid reactivity towards ROO generated
by thermodecomposition of either AMVN or AIBN (Woodall et al.,
1997).
Five solvents were tested: octane/butyronitrile (9:1, v/v) (Na-
guib, 1998), methanol, ethanol, methanol/ethanol (1:1, v/v) and
DMSO/MTBE (10:1, v/v). The original ROO generator, AMVN, was
replaced by AIBN. Besides, four AIBN ﬁnal concentrations in the
microplate well (78, 116, 175 and 262 mM) were tested.
The assays were carried out in a microplate reader equipped
with a thermostat set at 41 C and dual reagent dispenser (Synergy
Mx, BioTek, Vermont, USA) using black polystyrene microplates
(Costar, Corning, New York, USA). The ﬂuorescence measurements
were expressed as relative ﬂuorescence, using the ﬂuorescence sig-
nal measured after 1 min of incubation as the initial reference, and
measuring each 2 min until reach 0.5% of the initial ﬂuorescence
signal. The a-tocopherol (35 lM) was used as standard for analyt-
ical quality control and was assayed in triplicate in each
microplate.
The relative ROO scavenging capacity was calculated as the ra-
tio between the slope of the curve representing the sample concen-
tration (carotenoid standard or extract) against the net area under
the curve (net AUC) (Ssample) and the slope of the curve represent-
ing a-tocopherol or trolox concentration against the net AUC
(Sa-tocopherol or trolox) (Eq. (1)). The area under the curve (AUC) was
calculated by Eq. (2) and the net AUC was calculated by the differ-
ence between the AUC of the sample and the AUC of the blank. The
blank assays were carried out replacing the sample by the same
volume of DMSO/MTBE (10:1, v/v) for carotenoid standards and
extracts or DMSO for the other compounds (gallic acid, rutin,
quercetin and ascorbic acid).
Peroxylradical scavenging capacity ¼ Ssample
Satocopherol or trolox
ð1Þ
where:
Ssample = slope of the carotenoid standard or extract curve;
Sa-tocopherol or trolox = slope of a-tocopherol or trolox curve.
AUC ¼ 1 þ f 1=f0 þ f2=f0 þ f 3=f0 þ f 4=f0 þ fn=f0 ð2Þ
where: f0 = initial ﬂuorescence (ﬂuorescence signal after 1 min of
incubation); fn = ﬂuorescence signal at time n (time when the ﬂuo-
rescence signal reaches 0.5% of the initial signal).
2.3. Method validation
Both a-tocopherol and trolox were used as standards to validate
themethod and the following parameterswere evaluated: linearity,
limits of detection (LOD) and quantiﬁcation (LOQ), repeatability
and recovery. Linearity was observed through the determination
coefﬁcients (R2, p < 0.05) of the analytical curves with six concen-
trations of standard solutions (six replicates), with ﬁnal concentra-
tions in the microplate well ranging from 12 to 143 lM. The
recovery analyses were carried out in three levels, with 4 replicates
for each level, at the ﬁnal concentrations in the microplate well of
35, 65 and 97 lM for a-tocopherol and 35, 70 and 105 lM for trol-
ox. Repeatability was evaluated using the relative standard devia-
tions (RSD). LOD and LOQ were calculated using the analytical
curves according to Ribani, Bottoli, Collins, Jardim, andMelo (2004).
2.4. Preparation of samples
The solutions of a-tocopherol, trolox, gallic acid, rutin, quercetin
and ascorbic acid were prepared in DMSO, with concentrations
varying from63 to1260 lM.Stock solutions of carotenoid standards
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under N2 ﬂow and redissolved in petroleum ether (all-trans-b-caro-
tene, all-trans-b-cryptoxanthin, all-trans-zeaxanthin, all-trans-
b-apo-8’-carotenal, all-trans-b-apo-10’-carotenal, all-trans-b-
apo-120-carotenal, all-trans-b-zeacarotene, all-trans-lycopene,
all-trans-c-carotene, 15-cis-b-carotene, 9-cis-b-carotene and all-
trans-a-carotene), ethanol (all-trans-lutein), dichloromethane
(bixin) or hexane (all-trans-astaxanthin) and their concentrations
were spectrophotometrically (Agilent model 8453, Missouri, USA)
determined using their speciﬁc absorption coefﬁcients (A1%1cm)
(Davies, 1976). Appropriate aliquotswere taken from the stock solu-
tions to prepare theworking solutions in ﬁve concentrations (40, 77,
153, 248 and 310 lM), evaporated under N2 ﬂow, redissolved in
DMSO/MTBE (10:1, v/v) and sonicated for 30 s. To verify if all the
carotenoid crystals were completely dissolved, besides visual
inspection, the UV–vis spectra were recorded using a cuvette with
optical path of 1 mm (Supplementary Fig. S2).
To prepare the fruit extracts, 1 kg of mamey (Mammea ameri-
cana) and 1 kg of palm peach (Bactrys gasipaes) were acquired at
the ‘‘Ver-O-Peso’’ market located in the city of Belém, Pará State,
Brazil in September 2011. The fruits were washed, peeled, cut into
small pieces and immediately frozen in liquid nitrogen before lyo-
philisation (Liobras model K105, São Paulo, Brazil). Lyophilisation
was conducted during 96 h at a temperature of 60 C with pres-
sure <40 mm Hg. The freeze-dried fruits were grinded into powder
in a domestic food mixer (Black & Decker, Minas Gerais, Brazil), di-
vided into portions, vacuum packed in polyethylene plastic bags
(Jumbo Plus, Selovac, São Paulo, Brazil) and stored at 37 C until
analysis. The carotenoid extract was prepared from the freeze-
dried pulps according to De Rosso and Mercadante (2007). Brieﬂy,
the extraction was performed with acetone, transferred with parti-
tion to petroleum ether/diethyl ether (1:1, v/v) and saponiﬁed
overnight (16 h) at room temperature with 10% (w/v) methanolic
KOH. After saponiﬁcation, the extracts were again partitioned and
the alkali was removed by washing with water, and then the sol-
vent was evaporated in a rotary evaporator (T < 38 C). The dried
extracts were stored under nitrogen atmosphere (99.9% purity),
protected against the luminosity at 37 C until analysis. The dried
extracts were dissolved in petroleum ether (stock solutions) and
the total carotenoid concentrations were spectrophotometrically
determined using the speciﬁc absorption coefﬁcients (A1%1cm =
2396) of all-trans-b-carotene (Davies, 1976). To determine the
carotenoid composition, an aliquot of the stock solution was evap-
orated under N2 ﬂow, redissolved in MeOH/MTBE (70:30, v/v) and
analysed by HPLC-DAD-MS/MS (De Rosso & Mercadante, 2007). To
determine the ROO scavenging capacity, appropriate aliquots were
taken from the stock solutions to prepare the working solutions in
ﬁve concentrations (40, 77, 153, 248 and 310 lM), evaporated un-
der N2 ﬂow, redissolved in DMSO/MTBE (10:1, v/v) and sonicated
for 30 s. To verify if all the carotenoid extract was completely dis-
solved, besides visual inspection, the UV–vis spectra were recorded
using a cuvette with optical path of 1 mm (Electronic Supplemen-
tary Material Fig. S2).
2.5. HPLC-DAD–MS/MS analysis of carotenoids
The carotenoid composition of both extracts of Amazonian
fruits (mamey and peach palm) were determined in a Shimadzu
HPLC (Kyoto, Japan) equipped with quaternary pumps (model
LC-20AD), on-line degasser and a Rheodyne (Rheodyne LCC, Robert
Park, CA, USA) injection valve with a 20 ll loop, connected in series
to a DAD detector (model SPD-M20A) and a mass spectrometer
with an ion trap analyser and atmospheric pressure chemical
ionisation (APCI) source (Bruker Daltonics, model Esquire 4000,
Bremen, Germany). The carotenoids were separated on a C30
YMC column (5 lm, 250 mm x 4.6 mm) using a linear gradient ofMeOH/MTBE as the mobile phase from 95:5 to 70:30 in 30 min, fol-
lowed by 50:50 in 20 min, according to the procedure previously
described by De Rosso and Mercadante (2007) for carotenoids from
Amazonian fruits.
The carotenoids were quantiﬁed by HPLC-DAD, using external
seven-point analytical curves (in duplicate) for all-trans-violaxan-
thin (0.7–13.6 lg/ml), all-trans-lutein (1.0–59.5 lg/ml) and all-
trans-b-carotene (1.1–30.2 lg/ml). For all the analytical curves of
carotenoids, the R2 = 0.99 and the limit of detection was 0.1 lg/
ml and the limit of quantiﬁcation was 0.5 lg/ml.2.6. Statistical analysis
The results were submitted to analyses of variance using one-
way ANOVA and the means were classiﬁed by Tukey’s test at the
level of 95% of signiﬁcance. The analytical curves were plotted by
linear regression (p < 0.05). The Software Origin 8 was used for
all calculations.3. Results
3.1. Method development
The solvent choice to determine the antioxidant capacity of
lipophilic compounds, especially carotenoids, is a critical factor
since three basic characteristics are required: allow the complete
dissolution of the reagents and carotenoids, do not react with the
microplate material (polystyrene) and do not evaporate under
the temperature used for radical generation. The last characteristic
is extremely relevant, especially to microplate reader assays, which
constitute open systems.
The microplates used in ﬂuorescent assays are made of polysty-
rene, thus the following solvents were not considered due to chem-
ical incompatibility: acetone, acetonitrile, benzene, chlorobenzene,
chloroform, cyclohexane, diethyl ether, hexane, ethyl acetate and
petroleum ether (http://www.perkinelmer.com/CMSResources/
Images/44–73405GDE_MicroplateChemicalCompatibility.pdf).
Among the ﬁve tested solvents (octane/butyronitrile (9:1, v/v) (Na-
guib, 2000), methanol (Brand-Williams, Cuvelier & Berset, 1995),
ethanol (Re et al., 1999), methanol/ethanol (1:1, v/v) and DMSO/
MTBE (10:1, v/v), the only appropriate solvent was DMSO/MTBE
(10:1, v/v) which presented all the desired characteristics. The
use of other ratios of DMSO/MTBE was disregarded due to solvent
evaporation observed during analysis. Since octane/butyronitrile
(9:1, v/v) reacted with the microplate and the alcohols evaporated
during analysis, they were considered inappropriate (data not
shown). The solvent interaction with the microplate material was
veriﬁed by the fast decrease of the ﬂuorescence signal in the con-
trol assay (probe without AIBN addition), the solvent evaporation
was both visually observed (dry wells) and an increase of the ﬂuo-
rescence signal over time in the control assay also occurred.
In general, the carotenoids were completely dissolved in DMSO/
MTBE (10:1, v/v) until the maximum concentration of 310 lM.
Exceptions were noticed for all-trans-b-carotene, all-trans-a-caro-
tene and all-trans-lycopene, which only dissolved completely at
this concentration ﬁrst with the addition of 100, 200 and 400 ll
of MTBE, respectively, followed by 900 ll of DMSO/MTBE (10:1,
v/v) and sonication for 2 min. The UV–visible absorption spectra
(Supplementary Fig. S2) of all the carotenoid solutions showed
no evidence of carotenoid aggregation, since no dramatic changes
in their absorption spectra were observed, e.g., shift to shorter
wavelengths (blue shift) or shift to longer wavelengths (red shift)
of the absorption spectrum (Köhn et al., 2008).
The ROO scavenging capacity was measured by monitoring the
effect of the samples on the ﬂuorescence decay resulting from
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Table 1
Parameters of validation of the micro-assay for carotenoid ROO scavenging capacity.
Parameter a-tocopherol Trolox
Linearity range (lM) 12–119 14–143
Slopea 0.10 (4) g 0.09 (3)
Intercept a 2.79 (42) 2.63 (8)
E. Rodrigues et al. / Food Chemistry 135 (2012) 2103–2111 2107ROO-induced oxidation of the C11–BODIPY581/591. The thermode-
composition of AIBN follows a homolytic scission mechanism that
has been extensively investigated, generating N2 and carbon-cen-
tred radicals (Bevington, Fridd, & Tabner, 1982; Hammond, Sen,
& Boozer, 1955). In the presence of oxygen, these radicals are
rapidly converted to ROO. In the range of the four AIBN concentra-
tions tested, an inverse linear relationship was observed between
AIBN concentrations and AUC when the experiment was conducted
at 41 C in the absence of antioxidants (blank assay) (Fig. 2). The
AIBN concentration of 175 mM was chosen in order to achieve
0.5% of the initial ﬂuorescence signal in about 60 min in the blank
assay. The C11–BODIPY581/591 remained stable during the whole
analysis time (120 min) when no AIBN was added (Fig. 2); show-
ing that the ﬂuorescence decay is exclusively due to the probe oxi-
dation by ROO generated during the thermodecomposition of
AIBN and not provided by its thermal or photodegradation.
The methodology was established so the reaction mixtures in
the wells contained the following reagents: 100 ll of 0.4 lM
C11–BODIPY581/591 in DMSO, 100 ll of 394 mM AIBN in DMSO/
MTBE (10:1, v/v) and 25 ll of the sample (ﬁve different concentra-
tions) either in DMSO or DMSO/MTBE (10:1, v/v). The assays were
carried out at 41 C and ﬂuorescence was measured until reached
0.5% of the initial signal.R2 a 0.993 0.992
LOD (lM) b 9 11
LOQ (lM) c 26 35
Recovery (%) Level 1d 110 (4) 105 (10)
Level 2 e 99 (10) 106 (8)
Level 3 f 99 (9) 98 (3)
Repeatability (%) Level 1 4 11
Level 2 12 8
Level 3 6 4
a For each analytical curve, the equation y = ax + bwas applied, where y = net area
under curve (AUC), x = ﬁnal concentration of compounds, a = slope, b = intercept
and R2 = determination coefﬁcient (p < 0.05).
b LOD = limit of detection.
c LOQ = limit of quantiﬁcation.
d 35 lM.
e 65 lM of a-tocopherol and 70 lM of trolox.
f 97 lM of a-tocopherol and 105 lM of trolox.
g Relative standard deviation (RSD,%) are given in parentheses (slope and inter-
cept: n = 6; recovery: n = 4).3.2. Method validation
The method validation was carried out using two standard com-
pounds, a-tocopherol and trolox, which are known to possess good
antioxidant capacity and possess the same basic structure, but dif-
ferent polarities. The a-tocopherol is a lipophilic compound, whilst
trolox is its hydrophilic analogue, in which the long alkyl chain of
a-tocopherol was replaced by a carboxyl group (Fig. 1). The linear-
ity between the antioxidant concentration and the net AUC pre-
sented a determination coefﬁcient (R2) higher than 0.99
(p < 0.05), within the range of the tested concentrations, for both
a-tocopherol and trolox (Fig. 3). The LOD and LOQ of a-tocopherol
were 9 and 26 lM, respectively, which were lower than those of
trolox, 11 and 35 lM, respectively (Table 1). In the three concen-
tration levels, for both standards, recovery was close to 100% and
the repeatability, measure as RSD, was within ± 15% (Table 1).
The method performance was compared with the Oxygen Radical
Absorbance Capacity (ORAC) (Ou, Hampsch-Woodill & Prior,2001) method validated in our laboratory (Supplementary
Table S4).
Table 2
ROO scavenging capacity of carotenoids and other analysed compounds.
Compound Terminal ring Number ValueA
c.d.bB OH groups CO groups a-tocopherol relative Trolox relative
all-trans-lycopene 0 11 0 0 8.67 ± 0.74a 9.63 ± 0.82a
all-trans-astaxanthin 2b 13 2 2 6.50 ± 0.62b 7.22 ± 0.69b
all-trans-c-carotene 1b 11 0 0 6.07 ± 0.35b 6.74 ± 0.35b
bixin 0 11 1 2 5.20 ± 0.15c 5.80 ± 0.15c
all-trans-b-apo-10’-carotenal 1b 9 0 1 5.03 ± 0.21c 5.59 ± 0.23c
all-trans-b-apo-8’-carotenal 1b 10 0 1 4.90 ± 0.14 c 5.44 ± 0.16c
all-trans-zeaxanthin 2b 11 2 0 3.52 ± 0.39d 3.91 ± 0.43d
all-trans-b-carotene 2b 11 0 0 3.24 ± 0.22e 3.60 ± 0.24e
all-trans-b-cryptoxanthin 2b 11 1 0 2.85 ± 0.29ef 3.17 ± 0.33ef
9-cis-b-carotene 2b 11 0 0 2.65 ± 0.05f 2.94 ± 0.06 f
15-cis-b-carotene 2b 11 0 0 2.67 ± 0.21f 2.96 ± 0.23f
all-trans-a-carotene 1b, 1e 10 0 0 2.62 ± 0.24fg 2.91 ± 0.27fg
all-trans-lutein 1b, 1e 10 2 0 1.90 ± 0.17g 2.11 ± 0.19g
all-trans-b-apo-120-carotenal 1b 8 0 1 1.56 ± 0.19g 1.73 ± 0.22 g
all-trans-b-zeacarotene 1b 9 0 0 1.52 ± 0.10g 1.69 ± 0.11g
a-tocopherol – 3 1 0 1h 1.11 ± 0.00h
trolox – 3 2 1 0.90 ± 0.00h 1h
ascorbic acid – 2 4 1 0.87 ± 0.06h 0.96 ± 0.06h
quercetin – 8 5 1 0.63 ± 0.01 i 0.69 ± 0.01i
gallic acid – 3 4 1 0.54 ± 0.05i 0.60 ± 0.05i
rutin – 8 10 1 0.39 ± 0.01j 0.43 ± 0.01j
A Calculated using Eq. (1). Mean ± standard deviation (n = 3). Means with the different superscript letters at the same column are signiﬁcantly different (p < 0.05).
B c.d.b = conjugated double bonds.
2108 E. Rodrigues et al. / Food Chemistry 135 (2012) 2103–21113.3. Carotenoid ROO scavenging capacity and the structure–activity
relationship
Table 2 shows the capacity to scavenge ROO of 15 carotenoids,
as well as of other compounds known to possess antioxidant
capacity, such as a-tocopherol, trolox, ascorbic acid, gallic acid, ru-
tin and quercetin. All the carotenoids presented higher capacity to
scavenge ROO (4–20 times superior) than the other tested com-
pounds, and all-trans-lycopene was the most efﬁcient ROO scaven-
ger. The efﬁciency of the carotenoids as ROO scavengers varied
considerably according to their chemical structures and was inﬂu-
enced by the type of terminal group, cis–trans isomer conﬁgura-
tion, presence of oxygen substituents and chromophore extension.
The opening of the b-ionone ring in the carotenoid structure re-
sulted in an increase of ROO scavenging capacity. All-trans-lyco-
pene has a linear chain and was 1.4 and 2.7-fold more potent
than all-trans-c-carotene (1 b-ionone ring) and all-trans-b-caro-
tene (2 b-ionone rings), respectively.
Cis isomers were less efﬁcient as ROO scavengers than the cor-
responding trans isomers. The effect of cis–trans isomerization can
be observed by the comparison among the antioxidant capacity of
three b-carotene isomers, all-trans, 9-cis and 15-cis-b-carotene. The
cis isomers presented values about 20% lower than that found for
the all-trans-b-carotene.
The inﬂuence of the addition of oxygenated functional groups,
such as hydroxyl (OH) and keto (CO) groups, in the terminal ring
on the capacity to scavenge ROO depended on the number, type
of functional groups and if it is part or not of the chromophore.
Comparing three carotenoids with the same chromophore struc-
ture, i.e., all-trans-b-carotene (no oxygen substituent), all-trans-b-
cryptoxanthin (1 OH) and all-trans-zeaxanthin (2 OH), the addition
of one OH did not affect (p > 0.05) the scavenging capacity; how-
ever, when 2 OH were added, there was an increase of less than
10% in relation to that of all-trans-b-carotene. On the other hand,
the addition of two OH to all-trans-a-carotene structure, originat-
ing lutein (same chromophore), did not result in any change
(p > 0.05) in the ROO scavenging capacity. In all the above exam-
ples, the addition of OH did not change the chromophore. All-
trans-astaxanthin (2OH, 2CO), originated by the addition of twoOH and two CO groups to the all-trans-b-carotene structure, was
100% more effective than all-trans-b-carotene. If only the addition
of the CO groups is considered, comparing all-trans-astaxanthin
and all-trans-zeaxanthin, the increase was about 85%, since these
groups are part of the molecule chromophore.
The reduction in the chromophore extension is related to the
decrease of the capacity to scavenge ROO. The decrease in the
scavenging capacity became more evident, between 70 and 75%,
when four hydrogen atoms were introduced in the carotenoid
structure, with the consequent decrease of two c.d.b., for instance,
comparing the pairs all-trans-c-carotene (11 c.d.b.) with all-trans-
b-zeacarotene (9 c.d.b.), and all-trans-b-apo-8’-carotenal (10 c.d.b.)
with all-trans-b-apo-12’-carotenal (8 c.d.b.). However, the loss of
one c.d.b. resulted in a low (20%) or none (p > 0.05) decrease in
the scavenging capacity, as can be observed when comparing all-
trans-b-carotene (11 c.d.b.) with all-trans-a-carotene (10 c.d.b.),
and all-trans-b-apo-8’-carotenal with all-trans-b-apo-10’-carotenal
(9 c.d.b.). The most pronounced reduction in the scavenging capac-
ity (46%) was noticed when comparing all-trans-zeaxanthin (11
c.d.b.) and all-trans-lutein (10 c.d.b.).
Interestingly, the ROO scavenging capacity values of the apoc-
arotenoids, all-trans-b-apo-80-carotenal, all-trans-b-apo-10’-carot-
enal and bixin, were all high, but did not differ among
themselves (p > 0.05) despite the different number of c.d.b.. Their
scavenging capacities were just lower than those of all-trans-lyco-
pene, all-trans-astaxanthin and all-trans-c-carotene.
3.4. Scavenging capacity of carotenoid extracts from Amazonian fruits
The extracts from mamey presented higher carotenoid concen-
tration (318.03 ± 25.90 lg/g pulp) than peach palm extract
(52.50 ± 2.22 lg/g pulp). The carotenoid composition of these ex-
tracts was determined by HPLC-DAD-MS/MS (Supplementary
Table S3 and Fig. S1) and the carotenoid proﬁles were very similar
to those found by our research group in a previous study (De Rosso
& Mercadante, 2007). Considering that a detailed description of
carotenoid identiﬁcation was already reported (De Rosso & Merca-
dante, 2007), the HPLC-DAD-MS/MS will not be discussed in the
present study. The major carotenoids found in mamey extract were
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Fig. 4. Fluorescence decay of C11–BODIPY581/591 induced by peroxyl radicals in the
presence of different concentrations of carotenoid extracts from (a) peach palm
(Bactrys gasipaes): blank (ﬁlled triangle), 4 lM (open circle), 8 lM (open square),
12 lM (ﬁlled square), 16 lM (ﬁlled circle) and 21 lM (open star) and (b) mamey
(Mammea americana): blank (ﬁlled triangle), 4 lM (open circle), 8 lM (open square),
17 lM (ﬁlled square), 22 lM (ﬁlled circle) and 25 lM (open star). Inset: linear
relationship between the carotenoid concentrations of (a) peach palm or (b) mamey
extract and net AUC values from the ﬂuorescence decay curves of C11–BODIPY581/591
oxidation.
E. Rodrigues et al. / Food Chemistry 135 (2012) 2103–2111 2109all-trans-violaxanthin (24%), 9-cis-violaxanthin (17%) and cis-b-
apo-80-carotenal (20%); whilst all-trans-b-carotene (54%) was the
major one in peach palm.
The net AUC obtained for the carotenoid extracts from both
peach palm and mamey was linearly dependent on the carotenoid
concentration (R2 > 0.99, p < 0.05) (Fig. 4). The value of the ROO
scavenging capacity found for the carotenoid extract from peach
palm was 7.83 ± 0.21 (a-tocopherol relative), which was slightly
superior to that found for the mamey extract (6.90 ± 0.44, a-
tocopherol relative). These values are lower than the values found
for the ROO scavenging capacity of all-trans-lycopene and higher
than that of the other carotenoid standards assayed and also higher
than that of a-tocopherol, trolox, ascorbic acid, gallic acid, rutin
and quercetin (Table 2).
4. Discussion
The method proposed in the present study was developed con-
sidering the most recent, comprehensive and well accepted deﬁni-
tion of antioxidant proposed by Halliwell and Gutteridge (2007):
‘‘antioxidant is any substance that delays, prevents or removes oxi-
dative damage to a target molecule’’. Morover, the developed
method presented all the desired characteristics of an appropriatedmethod to determine the antioxidant capacity of carotenoids in
homogeneous systems: (i) it is able to maintain all the reactants
and the carotenoids completely dissolvedduring thewhole analysis,
not allowing carotenoid aggregation; (ii) it uses C11–BODIPY581/591,
which is a fatty acid analogue, as ﬂuorescent probe; (iii) it uses AIBN
as ROO lipophilic generator; (iv) it can be successfully applied to
carotenoid extracts fromfoodmatrices; and (v) it uses a reducedvol-
ume of reagents and solvents (approximately 13 times less than in
traditional methods using 3 ml cuvettes), consequently reducing
the residue generation and analysis cost, since it is a micro-assay
using 96-well format microplates. The validation parameters of
the new method, using both trolox and a-tocopherol as standard,
were similar to the results obtained in the in-house validation of
the classical ORACmethod using trolox as standard (Supplementary
Table S4). The validation data demonstrated that this newmicro-as-
say provides good linearity, accuracy and repeatability within the
acceptable criteria as compared to the classicalmethod todetermine
the antioxidant capacity of hydrophilic compounds, the original
ORAC method (Ou et al., 2001).
The scavenging of peroxyl radicals are of particular interest be-
cause of the prominent role of such radicals in lipid peroxidation.
The lipid peroxidation occurs by a chain reaction mechanism dur-
ing which ROO is generated. Chain-breaking antioxidants can
interrupt these reactions by scavenging the lipid peroxyl radicals.
The most known chain-breaking antioxidants are a-tocopherol
and phenolic compounds, which scavenge lipid peroxyl radicals
by donating a phenolic hydrogen atom, forming a lipid hydroper-
oxide and a resonance-stabilised antioxidant radical (Müller, The-
ile, & Böhm, 2010; Ou et al., 2001). The main compounds formed
by the reaction of phenolic compounds and ROO are dimers, tri-
mers and even oligomers (Roche, Dufour, Mora & Dangles, 2005).
Carotenoids, which are known to be efﬁcient singlet oxygen
quenchers (Di Mascio et al., 1989), can also scavenge ROO by three
main mechanisms: electron transfer (Eq. (3)), allylic hydrogen
abstraction (Eq. (4)) and radical addition to the c.d.b. system (Eq.
(5)) (El-Agamey et al., 2004; Jomová et al., 2009). The occurrence
of one or another mechanism depends on the characteristics of
the reactional system (homogeneous or multi-phase), solvent
polarity and carotenoid structure (El-Agamey et al., 2004; Guo &
Hu, 2010). The main reaction products formed by oxidation of
all-trans-b-carotene induced by ROO (generated by thermodecom-
position of AIBN) were apocarotenoids (b-apo-13-carotenone, b-
apo-15-carotenal, b-apo-140-carotenal, b-apo-120-carotenal, b-
apo-100-carotenal), epoxycarotenoids (b-carotene-5,6-epoxide, b-
carotene-5,8-epoxide, b-carotene-5,6,50,60-diepoxide, b-carotene-
15,150-epoxide) and cis-b-carotene (Stratton, Schaefer & Liebler,
1993; El-Tinay & Chichester, 1970; Handelman, Van Kuijk, Chat-
yerjee, & Krinsky, 1991).
CAR þ ROO ! CARþ þ ROOðelectron transferÞ ð3Þ
CAR þ ROO ! CAR þ ROOH ðhydrogen abstractionÞ ð4Þ
CAR þ ROO ! ROO CAR ðadditionÞ ð5Þ
All-trans-lycopene was the most efﬁcient ROO scavenger
among the 15 studied carotenoids, followed by all-trans-astaxan-
thin, all-trans-c-carotene and bixin. All-trans-lycopene was also
previously found to be the most effective ROO scavenger among
7 carotenoids in a kinetic study (Woodall et al., 1997). However,
all-trans-lycopene presented low capacity to scavenge ROO, being
less effective than all-trans-b-carotene, all-trans-a-carotene and
all-trans-lutein in other studies (Müller et al., 2011; Naguib,
2000). Bixin and all-trans-astaxanthin have been previously re-
ported to be potent ROO scavengers (Müller et al., 2011; Naguib,
2000) and no data on ROO scavenging capacity of all-trans-c-
2110 E. Rodrigues et al. / Food Chemistry 135 (2012) 2103–2111carotene was found in the literature. In our study, all-trans-b-caro-
tene was around 1.2-fold better ROO scavenger than all-trans-a-
carotene; however, Naguib (1998) found that all-trans-a-carotene
presented a scavenging capacity around twice as higher than all-
trans-b-carotene.
The conﬂicting results are possibly related to the different sol-
vents employed, such as DMSO/MTBE (10:1, v/v) in the present
study, octane/butyronitrile (9:1, v/v) (Naguib, 1998; Naguib,
2000) and borate buffer/DMSO (9:1, v/v) (Müller et al., 2011), which
inﬂuenced the carotenoid solubility and also the mechanism of
ROO scavenging. Although DMSO/MTBE (10:1, v/v) is an organic
solvent systemmore polar than octane/butyronitrile (9:1, v/v), both
of them are capable to completely dissolve the carotenoids; how-
ever, using the ﬁrst solvent, the carotenoids can act by the three
antioxidant mechanisms and using the second, electron transfer
does not occur, since it is thermodynamically infeasible because
of the non-polar medium, which will not support charge separation
(El-Agamey et al., 2004). The borate buffer/DMSO (9:1, v/v) consti-
tute a hydrated polar solvent mixture and it is well known that
carotenoids present low solubility in this kind of system. Moreover,
even the dissolved carotenoids will present a high tendency to form
aggregates in this system, which will dramatically change their
properties (Köhn et al., 2008).
Interestingly, the carotenoids showed to be more effective ROO
scavengers than a-tocopherol and the hydrophilic compounds,
such as trolox, ascorbic acid, gallic acid, rutin and quercetin. This
result could be attributed probably to the organic reaction medium
used in the developed method in comparison to the hydrophilic
buffered systems usually used in the other methods described in
the literature (Ou et al., 2001), which favours the action of hydro-
philic compounds due to the formation of the phenolate anion at
pH values around 7 (Amorati, Pedulli, Cabrini, Zambonin, & Landi,
2006). These methods probably have underestimated the capacity
of the carotenoids to scavenge ROO, since the carotenoids are not
totally dissolved in the system and could be in suspension or as
aggregates.
Considering the relationship of the carotenoid structure and the
capacity to scavenge ROO, the positive effect observed due to the
opening of the b-ionone ring can be attributed to the increase of
the carotenoid reactivity to ROO, since the reaction rate constant
(k) for the reaction between the carotenoid and ROO was reported
to be 0.41 lM/min for all-trans-b-carotene and 0.58 lM/min for
all-trans-lycopene (Woodall et al., 1997). The high reactivity of
all-trans-lycopene is related to the easy addition of ROO to its long
system of c.d.b. and mainly to the facility to donate the allylic
hydrogen at C-4 since the hydrogen abstraction at other positions
is energetically unfavored (Simic, 1992). Although all-trans-b-caro-
tene, all-trans-c-carotene and all-trans-lycopene possess 11 c.d.b,
in the ﬁrst two carotenoids, the c.d.b. at the b-ionone ring are
not coplanar to the polyenic chain, decreasing the orbital overlay
and, consequently, decreasing the ability of delocalisation of un-
paired electrons formed at C-4 position. On the other hand, in lyco-
pene, all the C@C bonds are coplanar, allowing that the unpaired
electrons formed at C-4 to be readily delocalised (Woodall et al.,
1997). Similarly, a negative effect was observed in relation to the
isomerisation of all-trans-b-carotene to 9-cis and 13-cis-b-caro-
tene, possibly due to the decreasing of the orbital overlap, resulting
in sterical hindrance.
The capacity of three carotenoids with the same chromophore,
i.e. all-trans-b-carotene (no oxygen substituent), all-trans-b-cryp-
toxanthin (1 OH) and all-trans-zeaxanthin (2 OH), to scavenge
ROO is expected to be very close if electron donation and radical
addition to the c.d.b. system are considered as the main antioxi-
dant mechanisms. In the present study, all-trans-zeaxanthin
showed to be 10% more potent than all-trans-b-carotene and all-trans-b-cryptoxanthin, suggesting that another mechanism could
be involved in the ROO scavenging (Woodall et al., 1997), possibly
by the hydrogen donation from the hydroxyl group.
The extension of the chromophore seems to be one of the most
important factors affecting the carotenoid ROO scavenging capac-
ity. The increase in the c.d.b. system results in an increase of the
scavenging capacity, generally around 20% for the addition of 1
c.d.b. and around 70% for the addition of 2 c.d.b. The three antiox-
idant mechanisms (Eqs. (3)–(5)) are thermodynamically favoured
by the increase of the c.d.b. system, since the resulting reaction
products are more stable (El-Agamey et al., 2004). The increase
in the scavenging capacity observed after the addition of two CO
groups to all-trans-zeaxanthin, generating all-trans-astaxanthin,
is related to the extension of the chromophore due to the two free
electron pairs, which might contribute to the electron resonance
system of c.d.b. (Di Mascio et al., 1989). In addition, the activation
of the hydroxyl groups, due to a balance between the keto and enol
forms of all-trans-astaxanthin, possible occurs. Such balance would
result in the formation of an ortho-dihydroxy-conjugate polyene
system acting as a chain breaking antioxidant in a similar way to
a-tocopherol (Naguib, 2000).
The inﬂuence of the carotenoid structure on the antioxidant
capacity, considering ABTS+ scavenging and 1O2 quenching, pre-
sents some trends similar to that of ROO scavenging. In general,
the opening of the b-ionone ring from all-trans-b-carotene and
the increase of the chromophore extension have a positive effect
on the capacity to scavenge the three reactive species, ROO, ABTS+
and 1O2 (Di Mascio et al., 1989; Miller et al., 1996). The addition of
hydroxyl groups resulted in a small positive effect on the ROO
scavenging capacity; however, the effect was almost negligible
for ABTS+ and 1O2. A positive effect was observed by the addition
of 2 OH and of 2 CO for ROO scavenging and 1O2 quenching capac-
ities; whilst a negative effect occurred for ABTS+. No differences
were observed between the capacity of cis and trans carotenoid
isomers to scavenge ABTS+ (Bohm, Puspitasari-Nienaber, Ferruzzi,
& Schwartz, 2002). However, the cis isomers showed a slightly low-
er capacity to quench 1O2 (Conn, Schalch, & Truscott, 1991) and to
scavenge ROO than the trans isomers.
Finally, the method was successfully applied to assay the ROO
scavenging capacity of carotenoid extracts from food matrices,
such as fruits. There is a lack of studies evaluating the actual
isolated contribution of the carotenoids on the antioxidant activ-
ity of foods, since generally the results presented in the literature
deal with extracts also containing phenolic compounds and apply
methods appropriate to hydrophilic compounds. In this sense, no
comparisons to previous data reported in the literature were
made.5. Conclusion
A semi-automated micro-assay, using a microplate reader in
96-well format, to determine the capacity of carotenoids to scav-
enge ROO was successfully developed and validated. A marked
relationship between carotenoid structure and the capacity to
scavenge ROO was observed. The opening of the b-ionone ring
and the chromophore extension seemed to be the factors with ma-
jor impact on the ROO scavenging capacity. The addition of oxy-
genated functional groups exerted a less pronounced effect when
such groups were not conjugated to the chromophore, such as
the addition of hydroxyl groups; however, when the groups were
part of the chromophore, increasing the number of c.d.b. such as
the keto groups in all-trans-astaxanthin, the increase in the scav-
enging capacity was quite signiﬁcant. Moreover, the method was
successfully applied to carotenoid extracts from Amazonian fruits.
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